Abstract-This paper presents computer simulation of the influence of the operator's body on the performance of a portable radio in mobile environments. Due to the human body blocking and absorption effects, the antenna pattern is significantly changed and a strong cross-polarized field is induced. An approach called modified Doppler power spectrum (MDPS) method is proposed to study the influence by an operator's body in mobile environments. To validate the results of the above method, we also present a second approach called direct discrete multipath (DDM) method which uses a defined -profile distribution to relate with cross-polarization discrimination (XPD). Simulation results show that: 1) the signal envelope variations with human-body effects are also distributed according to the Rayleigh distribution, but the mean powers are decreased by a decay factor which varies according to the distance between antenna and head and 2) the closer the distance between the antenna and the head, the poorer the bit error rate (BER) performance of the radio. This means that more fading margin in the communication link budget must be counted in.
Performance Evaluation of a Portable Radio Close to the Operator's Body in Urban Mobile Environments I. INTRODUCTION I N MOBILE communication environments, short-term fading is mainly caused by multipath reflections of a transmitted wave by local scatters such as houses, buildings, and other human-built structures [1] , [2] . From a study of the variations, the envelopes of the received signals are distributed according to Rayleigh statistics in urban areas and the performance evaluations are presented in the literature frequently. However, this information is not enough for the portable radio in mobile environment, since the operator's body may significantly affect antenna radiation characteristics and, hence, the communication performance of the portable radio. To evaluate the performance for a portable radio close to the operator's body in mobile environments, a modified channel model which counts the operator's body effects on the antenna radiation characteristics (such as antenna patterns, polarization variation, radiation efficiency, etc.) must be established. Recently, many research efforts have been devoted to evaluation of the EM interaction between the human body (particularly the head) and the handset antennas [3] [4] [5] . In [3] , it is shown that the antenna radiation patterns, including polarization, changes considerably for very small distances between a monopole antenna and head. In [4] , the detailed radiation characteristics of a portable half-dipole antenna affected by a realistically shaped full-body model at the 840 MHz has been available. It is also found that the blocking and coupling effects of the body distort radiation patterns significantly and induce high-level cross-polarization fields.
In urban areas, the transmitted vertically polarized signal may be partially converted to the horizontally polarized signals because of the radiowave reflection and scattering [6] [7] [8] [9] . The cross-polarization field can be ignored if the receiving antenna (such as a dipole antenna) is vertically polarized. However, when the antenna is close to the operator's body, the cross-polarized antenna pattern may be induced significantly such that the receiver will receive the cross-polarization signal. In order to model these effects in mobile communication environments, the discrete effective gain (DEG) is introduced, which idea is similar to the mean effective gain (MEG) [10] [11] [12] . Then, a previously reported Clarke's model [13] [14] [15] is modified by combining the cross-polarization discrimination (XPD) and the cross-power patterns resulted from the operator's body effects. A computer simulation scheme based on the modified Doppler power spectrum (MDPS) method and a simple digital FM system with limiter-discriminator demodulation is established to study the bit error rate (BER) performance. To validate the results of the MDPS method, a second approach called direct discrete multipath (DDM) method which based on direct discrete multipath with individual Doppler shift is proposed. In the DDM method, a probability density function is required to describe the behavior of the incident polarized angle. A new probability density function (PDF), called -profile distribution is proposed. Simulation results with and without the operator's body are presented and discussed. Fig. 1 illustrates of a portable radio close to the operator's body in mobile environments. It is assumed that the car is also regarded as a scatterer, which combines other scatters and reflectors to produce multipath propagation and induce energy from the transmitted polarization into the orthogonal polarization. In a mobile environment, this assumption is reasonable. Since multipath is randomly oriented with and without the car, the difference is the mean power which is not considered here. A related definition is cross-polarization discrimination (XPD), which is the ratio of the signal level at the output of a receiving antenna that is nominally copolarized to the transmitting antenna to the output of a receiving antenna of the same gain, but nominally orthogonal polarized to the transmitting antenna [16] . It is interested to evaluate the communication performance of 0018-9545/00$10.00 © 2000 IEEE Fig. 1 . A portable radio close to the operator's body in mobile environments. the portable radio and the variation of the signal level, if the operator is traveling in the mobile-communication multipath environment. To combine the cross-polarization effects of the propagating radiowave and the operator's body coupling effects on the polarization variation of the antenna radiation, a modified channel model is proposed. It is by using the DEG in every resolution angle band to modify the Clarke's isotropic scattering model with the method of equal distance (MED) [17] , in which the difference between two adjacent discrete Doppler frequencies is equidistant. In Clarke or Gan's examples, is represented with a close form, then, the discrete Doppler frequencies can be derived with another close form if a uniform distribution over zero to is assumed. Now, due to operator's body effects, the antenna radiation pattern is varied according to frequency and may not be represented in a simple close form. If the received field is assumed to be vertically polarized, the corresponding Doppler coefficients can be modified as follows:
II. A MODIFIED CHANNEL MODEL AND SIMULATING METHODS
xpd xpd xpd for all and (1) where probability density of the wave incident on the mobile receiving antenna; discrete Doppler frequency; equal difference between two adjacent discrete Doppler frequency; : maximum Doppler frequency; azimuth vertical-polarization antenna gain pattern as a function of the angle ; : azimuth horizontal-polarization antenna gain pattern as a function of the angle ; xpd cross-polarization discrimination in the linear scale and equal to ; number of discrete Doppler frequencies; number of the incoming wave rays in the -plane with equal spacing angle.
For example, consider the -plane antenna patterns of the and fields of an 840-MHz dipole antenna in free space or close to the head with a distance of 5 or 1 cm [4] . As shown in Fig. 2 , it is observed that antenna gain may attenuate as high as 15 dB in the direction toward the head. Also, it is noted that while there are not fields in free space, the cross-polarization field is significant due to the body coupling effect. Now, let and , three discrete Doppler power spectrums with equal distance are obtained and plotted in Fig. 3 . The shapes of these three Doppler power spectrums look the same and are all symmetric to center frequency. This is because the antenna patterns of three cases in this example are the same in front of and in back of the operator.
A. Modified Doppler Power Spectrum Method
The Doppler power spectrum (DPS) determines the time domain fading waveform and fade-slope behaviors. By properly shaping the spectrum of white noise weight by the root square of the corresponding Doppler coefficients and inversely fast Fourier transform (IFFT), the baseband fading signal can be obtained. It is multiplied by the applied signal to simulate the received fading signal. This approach is called the MDPS method.
B. Direct Discrete Multipath Method
Another approach, which is called DDM method, is also proposed. It can be used to validate the above MDPS simulation result. To describe the cross-polarization coupling effects, it is assumed that interfering waves with equal power traveling horizontally with the phases and incident angles uniformly distributed on . The angle between the polarization vector of the incoming wave and that of the receiver antenna pattern is . Previous studies in this field only concern about the measurement data of the XPD. The statistics of has not present. In order to evaluate the communication performance with operator-body effects, it is required to generate a new probability density function of which is associated with XPD and real world condition. A proper PDF called "modified -profile distribution" is given as (2) where is a scale factor, is a shape parameter and is a fractional factor. The ideal is from the refractive index of the core in graded-index fibers which is not constant, but decreases gradually from the core center to the core-cladding interface. The graded-index fibers are analyzed by using the so-called " -profile" as given in [24] . For the "modified -profile" distribution, when , it is the " -profile" PDF and represented as with (3) Fig. 4 shows some -profile PDF's for and . The relationship between and -profile PDF is plotted in 
where denotes expectation (statistical averaging) value. By computer calculation, the relationship between XPD and -profile PDF is also shown in Fig. 5 . The -profile distribution is a general form containing other PDF's. Some special cases derived from it are expressed as follows. This corresponds to XPD dB. Now, since the PDF of polarization angle is derived, the behaviors of interfering signals can then be simulated with the coupling effect of the operator's body. Assume a signal is transmitted, a received fading signal is obtained as (6) where is the number of interfering waves, , and is usually assumed uniform distribution on is a random variable with -profile PDF, and are the azimuthal vertical and horizational gain patterns of the mobile antenna as a function of the angle (both relative to an isotropic antenna). The is the parallel fraction of vertical polarization and is the parallel fraction of horizontal polarization and are random phases also uniformly distributed in .
III. SIMULATION RESULTS

A. Local Variation of Received Signals with Operator's Body Effects
In the computer simulation, the carrier frequency is MHz, the mobile traveling velocity is Km/hr (or 25 m/s) and the data rate Kbps. These parameters imply that the maximum Doppler frequency
Hz. This corresponds to the fading rate . The value of XPD is about 3.7 dB with an assumed uniform distribution over zero to . By taking these parameters into (1), the baseband power spectrum can be obtained (such as shown in Fig. 3 ). Through inversely fast Fourier transforming, for example, three normalized fading signals are obtained and shown in Fig. 6 . In Fig. 6(a) , the average power of received signal in free space is normalized to one, and in Fig. 6(b) and (c) that for close to the operator's bodies are plotted relative to the free-space case. Fig. 7(a)-(c) shows the theoretic curves and simulation results for the Rayleigh amplitude distribution in free space or close to the operator's body. Fig. 7(d) shows those for uniform phase distribution. Basically, simulation results and theoretic curves agree well. This means that the amplitude distribution of the signal received by the antenna in free space or close to the body are all Rayleigh PDF's. They have different mean square value and the phase distributions are fitting uniformly PDF. These results seem to confirm a general statement that a weighted sum of rays tends to be Rayleigh distributed, no matter what the weighting function is.
To derive the 90% reliability gain (RG) value, The cumulative distribution function (CDF) curves are plotted. As shown in Fig. 8 , the 90% RG is about 1.6 dB for the case when the distance between antenna and body is 5 cm and about 6.0 dB when is 1 cm. Generally speaking, the operator's body effects change the Doppler power spectrum slightly and reduce the received mean level hence the required more fading margin for system planing. In the above simulation, about 10 000 test points are used to describe the statistical characteristics. In summary, the PDF's with and without operator's body effects are all approximately Rayleigh distribution, but the mean powers when close to the body decrease by a decay factor. It is observed that, the closer of the antenna to the head, the larger decay factor will be. In this example, the mean power ratio, (free space), ( cm), and ( cm) are equal to 1, 0.71, and 0.25, respectively.
B. Performance Evaluation of the Portable Radio Close to the Operator Body: MDPS Method
As shown in Fig. 9 , the portable radio in simulation is a simple continuous phase frequency shift keying (CPFSK) modulator in conjunction with a limiter discriminator [18] [19] [20] . FSK has been used as a modulation scheme in mobile communication systems for many years because it is robust against interference and fading channel and is easy to be implemented. A data source produces equiprobable symbols, , every symbol interval s. A frequency modulator with deviation constant produces the transmission signal where is a special case associated with two noncoherently orthogonal FSK signals [21] . The parameter is also called frequency deviation ratio and is defined as peak-to-peak frequency deviation divided by the bit rate . The transfer function of the predetection filter used here is an idea rectangular bandpass form with bandwidth . In the channel, a multiplicative component ( ), is generated by the proposed new fading model (using MDPS method). A white Gaussian noise ( ) is added to the digital FM signal. After the limiter discriminator, the signal is through a postdetection with an integrate sample and dump (ISD) circuit. Then a decision is generated by a simple criterion as one if the sample larger than zero, otherwise, as . Also, two demodulation schemes have been compared: 1) the CPFSK using limiter-discriminator detection with an integrate-and-sump circuit, and in the performed situation and 2) the noncoherently orthogonal FSK with envelope or square-law detector in idea situation. It is found that there is no difference for nonfading channel and it is less than 1 dB for Rayleigh fading channel. Hence, for simulation convenience, the second scheme is used as reference since its formulas are much simple in close form.
The expected curves and simulation results are showing in Fig. 10 . Curve is the probability of error for nonfading channel using limiter discriminator and ISD with the parameters and . In [22] , a general semi-empirical formula is expressed as (7) where is the complementary error function and is a Poisson distribution, , and , where denotes the round toward zeros. Curve is the probability of error for nonfading channel where noncoherent envelope or square-law detector with binary orthogonal signals are used in additive white Gaussian noise. The formula of average BER in curves is [21] SNR (8) Curves (free space), (close to head with cm), and (close to head with cm) have the same condition as curve except the channel is assumed to be a slowly Rayleigh fading channel. The formulas of average BER are [22] SNR SNR SNR (9) where SNR is the average signal-to-noise ratio per bits in free space. Note that in our simulation, the normalized power ratio (free space), ( cm), and ( cm) are equal to 1, 0.71, and 0.25, respectively. The simulation results show that higher error will occur with the closer distance between the portable radio antenna and the head. If BER is required in a system plan (assuming XPD dB), from Fig. 10 it can be seen that the portable radio with cm and cm (from the head) needs about 1.1 and 5.5 dB more receiving power than that in free space (without the operator).
C. Performance Evaluation of the Portable Radio Close to the Operator Body: DDM Method
Usually, the received signals are from a fixed base-station transmitter with a vertically polarized antenna. By scattering and reflecting processes in radiowave propagation, it is assumed that the waves incident on the mobile portable radio antenna from eight different azimuth angles and each wave having equal average power. The reason to choose is from a recent channel measurement [23] . It is reported that at the center frequency of 1.3 GHz in an urban area, the number of paths at the 50% of the CDF's is larger than seven. Hence, it is recognized that is a proper selection. Each incoming wave undergoes a Doppler shift due to the motion of the receiver and arrives at the receiver at the same time. This means that the excess delay due to multipath can be neglected. The value of XPD is also assumed about 3.7 dB which is associated with a factor in the -profile distribution. Also, the polarization state of every incoming wave is constant in the measurement time interval.
The simulation results by using the DDM method are plotted in Fig. 11 . Compared with the curves in Fig. 10 , it can be seen that both of the DDM and MDPS methods have excellent agreement with expected curves. Hence, either the MDPS or DDM methods can be used to predict the portable radio performance with the operator's body effect in mobile environments.
IV. CONCLUSION
The operator's body effects on the vertical/horizontal-polarization gain patterns of the portable radio antenna is incorporated into the mobile communication situation. The body effect should be considered and calculated to obtain the fading margin in the communication link budget of potable radio system planning. The amplitude distributions of the signal received by the antenna in free space or close to body are all Rayleigh PDF's with different mean powers and the phase distributions of that are fitting uniformly PDF's. In mobile environments, it can be seen that when the antenna-head distance is closer, the 90% reliability gain (RG) becomes negatively larger (by comparison with free-space case), and the BER tests show that the transmission performance is poorer. The performance evaluation with the operator's body effects can use either the MDPS or DDM methods. From the performance simulation, it is shown that the required SNR for the portable radio in presence of the operator needs about 1.1 dB ( cm) and 5.5 dB ( cm) more receiving power than that in free space. This means the more fading margin in the link budget must be considered counting in the operator's body effect. Also, it is believed that both of the MDPS and DDM methods may be applied to solve some communication problems, such as random incident waves, random polarization angles, irregular antenna gain patterns, and/or with two orthogonal polarization components. It may also be applied to analyze the performance of polarization diversity in mobile communication and polarization-shift keying in fiber communications.
